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Emission  mid  Absorption  in  the  Infi'-Red  Spatrnm  of 

M'.'iTHry. 

By  Raymond  C.  Deakle,  M.A.,  University  of  Toronto, 

(Communicated  by  Prof.  J.  C.  McLennan,  F.K.S.     lieceived  July  17,  191G.) 

ISTKODUCTIOX. 

In  a  previous  paper  by  Mclennan  and  Dearie,*  it  was  pointed  out  that 
bands  had  been  found  in  the  absorption  spectrum  of  non-luminous  mercury 
vapour  at  \  =  1849  A.U.,  X  =  253(3-72  A.U.,  and  X  =  2;i:J8  A.U.,  but  that 
nothing  had  been  done  up  to  the  present  in  the  way  of  investigating  the 
infra-i-ed  region  of  this  spectrum  for  cliaracteriatic  absorption  bandl  In  the 
same  paper  an  account  was  given  of  some  measurements  made  on  the 
infra-red  emission  spectrum  of  the  mercury  arc  for  the  purp.ise  of  estab- 
hshin-  the  wave-lengths  and  intensities  of  the  lines  in  that  re<'ion.  The 
present  imper  deals  first  with  some  additional  work  on  the  relativelutJnsities 
of  these  lines,  and,  secondly,  with  the  absorption  bands  produced  by  passing 
white  light  through  non-luminous  mercury  vapour. 

♦  McLennan  and  Dearie,  'Phil.  Mag.,'  toI.  30,  p.  683  (1915). 
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Thk  Distribution  of  Intkshity  in  the  LiNes  of  thk  MiKcunv 

Spectrum. 

In  the  paper  by  Prof.  MeLenuan  and  njjMelf  (/of.  cit.)  on  the  infra-red 
spectrum  of  the  mercury  arc,  it  was  shown  that  there  was  a  disagreement 
between  the  values  of  the  relative  intensities  of  the  lines  0o461/*  and 
1-014  M,  18  given  by  Paschen  and  by  us.  According  to  the  former,  the 
line  1-014 /*  is  the  strongest  in  the  arc  spectrum  of  mercury,  while  in  our 
investigation  the  line  0-5461  ft  was  found  to  be  somewhat  the  stronger.  It 
was  pointed  out  by  Paschen*  that,  with  low  vapour-pressures,  the  intensities 
of  the  two  lines  were  about  equal,  while  an  increase  in  vapour-pressure 
caused  a  relatively  greater  increase  in  the  intensity  of  the  line  1014^. 
Kttch  and  Eetschinsky.f  in  their  measurements  on  the  temperature  of  the 
mercury  arc,  found  that  an  increase  in  current  caused  an  increase  in  tem- 
perature, but  did  not  affect  the  vapour-pressure,  whereas  an  increase  in 
voltage  caused  an  increase  both  in  temperature  and  in  vapour-pressure.  In 
Paschen's  paper  no  mention  is  made  of  any  variation  in  the  voltage,  but 
only  of  variations  in  current,  so  that,  from  the  information  given,  it  is  not 
clear  whether  there  was  nciiiallv  any  variation  in  the  vapour- pressure  in  his 
lamp,  or  merely  variations  in  the  temperature. 

In  a  later  paper  by  Kiich  and  Retbchinskyl  it  was  stated  that,  with 
higher  temperatures  in  the  mercury  arc,  the  lines  of  shorter  wave-length 
were  relatively  stronger  than  with  lower  temperatures,  but  no  measurements 
were  made  on  the  lin  1-014 /i.  As  this  is  analogous  to  the  temiierature 
effect  for  black  body  radiation,  it  seemed  possible  that  tlif  distribution  of 
intensity  in  the  lines  of  the  spectrum  might  follow  the  usual  form  of  the 
radiation  curve.  This  point  was  investigated  by  Pfliigerg  and  later  by 
Grebeil  with  the  result  that  it  was  established  that  lines  belonging  to  the 
same  series  have  their  relative  intensities  arranged  along  a  curve  which  is 
convex  to  the  wave-length  axis,  that  is,  a  curve  resembling  the  short-wave 
portion  of  an  energy  curve.  It  was  also  found  that  an  increase  in  tempera- 
ture caused  a  relatively  greater  increase  in  the  intensities  of  the  shorter 
wave-lengths  than  iu  those  of  the  longer  wave-lengths.  These  relations, 
however,  did  not  hold  within  a  single  triplet,  nor  among  the  lines  as  a  whole. 
All  of  the  wave-lengths  investigated  lay  within  the  region  of  the  visible 
spectrum  or  in  the  ultra-violet,  and  no  observations  were  made  on  the 

♦  F.  Pa«chen,  '  Ann.  d.  Phys.,'  vn'        ;i3),  p.  559  (1908). 

t  R  KUch  and  T.  Eetechinaky,         u.  d.  Phys.,'  vol.  22  (3),  pp.  595,  602  (1907). 

J  R  KUch  and  T.  Retschinsky,  '  Ann.  d.  Phys.,'  vol.  22  (5),  pp.  852,  866  (1907^ 

§  A.  Pflngsr,  'Ann.  d.  Phys,,'  vol.  26  (4),  pp.  789-805  (1908). 

II  L.  Grebe,  ♦  Phys.  Zeitsch'r.,'  vol.  11,  pp.  1121-1122  (1910). 
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infra-reil  wave-lengt!i8.  that  is,  in   tho  region  wh  ro  the  iniixinuim  of  nii 
enei'gy  curve  would  lie  exiieeted  to  appear. 

The  present  investigation  was  uiulertakou  to  P    ^  (I)  whether,  in  tlie  infra- 
red region,  the  relitive  intensities  of  the  lines  in  a  given  series  are  diHtributed 
along  an  energy  curve;  and  (2)  the  effect  of  iiicreused  temiM-ratiiro  an 
vaptuir-pressure  on  tho  relative  intensities  of  thr   two  lines  05461/*  and 
1'014  ^.  which  do  not  lielong  to  the  same  series. 

ExpERntKNTAL  Arrax<;ement. 
The  arrangement  of  the   apparatus   was   tin-  same  as   tnat  prc/iously 
described  in  the  paper  by  Prof.  McLennan  and  myself,  ex'-'pt  that  tho  ligl ' 
from  the  mercury  arc,  instead  of  being  focussed  on  tho  spect..  ;ueter  slit  b; 
t'  iicave  mirror,  passed  directly  through  a  quartz  lens  having  a  focu'  longth 
20  cm.     For  the  determination  of   the  intensities  of  the  vf.rion.-  li-  js  as 
distinguished  from  the  continuous  radiation  d-ie  to  the  heated  ■■imrtz,  tho 
methoil   was    followed  of    drawing  a    cooling    curv      i  <r   the  liaiv  after 
extinguishing  the  arc.    Greater     -ecision  was  j^iven  t«  tliese  men.^ureinpnts 
by  taking  logarithms  of  the  galvanometer  deHfctions  and  plotting   these 
against  elapsed  time.     This  gave  straight  lines  which  could  be  continued  back 
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to  zero  time  very  accurately.  An  additional  advantage  of  this  method  is 
that  it  was  only  necessary  to  take  two  readings  with  the  galvanometer  in 
order  to  obtain  a  complete  curve.    An  example  is  given  below,  the  curves 


being  shown  in  fig.  1. 


Elapsed  time. 


Deflection. 


Logio  deflection. 


sees. 
8 
20 
88 
40 
55 


mins. 

12 

10792 

6 

0  -7783 

8 

0  •4771 

a 

0  -3010 

1 

0-0000 

From  the  curve  we  get,  for  zero  time,  logio  deflection  =  1-26  .  .  .  hence, 
defiectiou  due  to  radiation  from  the  heated  quartz  =  18-2  mm. 

Kesults. 
The   lines   chosen   for   the   first  part    of    the   investigation   were   those 
belonging  to  the  main  series  of  single  lines 

n  =  (2-5,  S)-(m,  P),» 

and  the  first  three  memljers  of  the  series  were  used.    These  are  given  by 

m  =2,  X  =  1-014^, 

3.  1-357  M. 

4,  0-6717^. 

The  lamp  was  run  with  two  different  energy  consumptions  with  the  following 
results : — 


Wave-length. 

Intensity. 

Energy 

=  230  watts.         Energy  =  150  watt*. 

1-357 
lOU 
0  -6717 

6 

ao 

4 

t 

♦In  the  symbolic    equation   » =  («,   X)-(m,    X)  the  frequencies    are    given    by 

N                              N 
r  =  r :^ -, — ^FT^  -? 5? -, — ?7vK>  where  N  is  By  ({berg's  number,  n  has  a  fixed 

value  either  integral  or  one  of  the  numbers  1'5,  2-5,  3-6,  etc.,   and  m  has  succesaivs 
integral  values,  each  one  giving  the  frequency  of  a  member  of  the  series. 
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The  curves  for  these  results  are  shown  in  fig.  2.     It  should  be  noted  that 
the  intensities  lie  on  curves  which  resemble  the  ordinary  energy  curves,  in 

24 
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that  they  are  steeper  on  the  short-wave  side,  and  the  increase  in  energy  is 
quite  clearly  relatively  greater  in  the  shorter  wave-lengths.  The  lack  of 
sufficient  points  on  the  curve  prevented  the  necessary  accuracy  for  determin- 
ing whether  the  maximum  intensity  shifts  to  the  shorter  wave-lengths  for 
increase  in  temperature.  If  this  were  so  then  the  analogy  to  the  energy 
curve  would  be  complete.  It  is  interesting  to  note  that  the  distribution  of 
energy  is  governed  by  the  actual  wave-lengths  of  the  lines  and  not  by  the 
order  in  which  they  occur  in  the  series ;  i.e.,  although  the  first  member 
of  the  series  is  \  =  1-014^  and  the  second  is  X  =  1-357 /*,  the  lines  are 
distributed  along  the  energy  curve,  not  in  this  inverted  order,  but  in  the 
order  of  their  wave-lengths. 

For  the  second  part  of  the  investigation  the  current  in  the  lamp  was 
kept  constant  at  3'2  amperes,  and  the  voltage  was  varied  so  as  to  give  an 
energy  consumption  in  the  lamp  which  ranged  from  150  to  250  watts. 
For  each  of  tlie  applied  voltages  the  intensity  was  measured  on  the  line 
l"014/t  and  on  0o461/tt  by  the  method  desciibcd  above.  The  results 
are  given  in  the  Table  below,  the  first  column  gives  tlie  energy  consumption 
in  watts,  in  the  second  column  Ii  represents  the  intensity  of  the  line  05461^, 
and  la  in  the  third  column  gives  the  intensity  of  the  line  1014 /t.  The 
fourth  represents  the  ratio  of  the  two  inter  sities  in  each  case. 

b  2 
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Energy. 

I.. 

I'ili. 

watts. 
150 
21S 
260 

18 
28 
40 

23 

40 

84 

1-2S 
1-43 
2 '10 

It  will  be  noted  from  the  last  column  that  the  relative  intensity  of  the 
line  1014/i  to  that  of  the  line  05461  m  increases  regularly  with  increase 
in  energy  consumption,  or  in  other  words,  with  increase  in  vapour-pressure  in 
the  lamp.  In  all  measurements  with  this  lamp  the  line  1-014  fi  always 
appeared  to  be  the  more  intense. 

II.  AiiSOHPTiox  BY  Mercury  Vapour. 
As  far  as  the  author  has  been  able  to  ascertain  there  has  been  no  work 
done  by  previous  investigators  on  the  selective  absorption  by  non-luminous 
mercury  vapour  in  the  infra-red  region.  It  was  at  first  intended  to  pass 
the  light  from  a  mercury  arc  through  a  layer  of  the  vapour  and  examine  the 
emergent  radiation  to  find  whether  any  of  the  lines  in  the  infra-red  spectrum 
were  extinguished.  This  method  was  abandoned,  however,  and  the  radiation 
from  a  Neriist  glower  was  used  instead  of  that  from  a  mercury  arc.  The 
principal  advantages  in  this  were  the  greater  steadiness  in  the  radiation 
secured,  and  the  fact  that  a  continuous  spectrum  was  produced  in  which 
absorption  bands  would  take  the  form  of  depressions. 

Aj)paratus. 

The  apparatus  used  for  these  measurements  was  similar  to  that  used  in 
the  pre'  lous  work.  The  spectrometer,  thermopile,  and  galvanometer  were 
unchanged,  and  the  mercury  lamp  was  replaced  by  the  Nernst  glower  and 
the  absorption  cell.  The  latter  is  shown  in  section  in  fig.  3.  It  is  made 
entirely  of  fused  quartz,  is  about  6  cm.  long  and  3  cm.  in  diameter,  with  a 
small  reservoir  (C)  for  the  mercury  underneath.  The  ends  were  formed 
of  two  circular  plates  of  clear  fused  quartz  which  tran.«initted  the  visible 
light  with  very  little  diffusion.  A  small  tube  (I))  at  the  top  served  to 
connect  the  cell  with  an  exhaust  pump.  The  reservoir  was  first  filled  with 
clean  dry  mercury,  which  was  boiled  to  eliminate  all  traces  of  water-vapour, 
and  the  cell  was  then  exhausted  to  a  pressure  of  a  few  millimetres  of 
mercury  and  sealed  off. 

When  in  use  the  cell  was  heated  by  means  of  an  electric  current  applied 
to  the  walls  of  the  reservoir  and  tube,  temperatures  as  high  as  190°  C.  being 
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nsed.     In  order  to  obtain  uniform  temperature  and  hence  constant  vapour 
density,  the  cell  was  placed  in  a  box  and  packed  in  powdered  magnesia.     The 
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ends  were  kept  clear  for  the  transmission  of  the  radiation  by  means  of  two 
brass  tubes  projecting  it  from  the  sides  of  the  box.  as  shown  at  BB.  It  was 
found  that  on  account  of  the  radiation  through  these  tubes,  and  the  conse- 
quent lowering  of  the  temperature  at  the  ends  of  the  cell,  the  mercury 
vapour  immediately  condensed  on  the  end  plates,  thus  cutting  off  the 
radiation  very  considerably.  This  difficulty  was  overcome  by  putting  a 
single  turn  of  wire  against  each  plate  from  the  outside  (AA),  and  passing  a 
current  through  these  wires  of  sufficient  strength  to  maintain  the  plates  at  a 
slightly  higher  temperature  than  the  rest  of  the  cell. 

The  light  from  the  Nernst  glower  was  first  focussed  on  the  slit  of  the 
spectrometer  by  means  of  a  quartz  lens ;  then  the  cell  and  its  containing  box 
was  placed  in  such  a  position  that  the  radiation  from  the  Nernst  glower  had 
to  pass  through  the  cell  before  falling  on  the  lens. 

After  all  the  readings  had  been  taken,  the  absorption  cell  was  replaced  by 
a  plate  of  clear  fused  quartz  similar  to  those  forming  the  ends  of  the  cell. 
The  intensity  of  the  radiation  was  cut  down  by  means  of  a  diaphragm  of 
Bristol  board  having  a  small  hole  cut  in  the  centre,  in  order  to  make  the 

b  3 
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galvanometer  deflections  comparable  with  those  obtained  when  using  the  cell. 
Readings  were  taken  over  the  spectrum  with  this  arrangement  so  as  to  find 
out  whether  any  of  the  observed  absorption  bands  might  be  due  to  absorption 
by  the  quartz  itself. 

Results. 

The  range  of  wave-lengths  studied  was  from  100 /i  to  1*20/*,  and  this 
region  was  investigated  very  thoroughly.  A  great  number  of  readings  were 
necessary  on  each  wave-length  to  obtain  a  satisfactory  curve,  and  each  set  of 
readings  was  repeated  over  a  period  of  several  months.  The  necessity  for 
this  lies  in  the  unsteadiness  of  the  zero  point  in  reading  the  galvanometer 
deflections,  which  was  due  to  the  combined  effects  of  local  magnetic  disturb- 
ances on  the  galvanometer  and  stray  air-currents  on  the  thermopile.  Despite 
these  difficulties  it  was  found  that  certain  well-defined  depressions  occurred 
in  every  set  of  readings,  while  others  were  obtained  which  were  not  so  well 
defined,  sometimes  a2>pearing  quite  strong  and  at  other  times  being  scarcely 
detectable. 

In  the  following  Table  are  given  all  the  wave-lengths  at  which  absorption 
bands  were  observed  and  the  characteristics  of  each  one.  The  wave-lengths  of 
the  emission  lines  as  recorded  in  our  previous  paper  are  given  for  purposes  of 
comparison. 


Emieeion. 


Absorption.  Character  of  absorption. 


>«. 

1-014 

1-014 

Strong,  well-marked. 

1038 

1-03S 

Very  weak,  doubtful. 
Moderately  strone. 

1067 

l-0«6 

1-ono 

1089 

Weak. 

1128 

1-129 

Strong. 

1-170 

1160 

Moderate. 

1-205 

1-20 

Strong. 

The  temperatures  used. varied  from  140°  C.  to  190°  C,  and  an  attempt  was 
made  to  show  that  the  strength  of  the  weaker  bands  was  dependent  on  the 
vapour-pressure  within  the  absorption  cell.  But  within  the  limits  of  these 
temperatures  the  results  were  entirely  negative.  Readings  were  then  taken 
with  the  cell  at  the  temperature  of  the  room,  about  20°  C,  and  the  resultant 
curves  gave  all  the  absorption  bands  as  doubtful  except  those  at  1-014  fi  and 
1'20/i,  absorption  being  quite  distinct  on  both  of  these  wave-lengths. 

The  final  readings  were  taken,  as  described  above,  with  a  plate  of  clear 
quartz  in  the  path  of  the  radiation  in  place  of  the  absorption  cell.  Readings 
were  taken  over  the  same  range  of  wave-lengths  and  a  smooth  curve  was 
obtained  with  no  evidences  of  any  characteristic  absorption  bands. 
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Some  of  the  results  are  shown  in  the  accompanying  diagrams.  Fig.  4 
shows  the  band  at  1*129/';  figs.  5a  and  5b  show  the  band  ul  1'014 /t  for 
temperatures  180°  and  20°  respectively  ;  while  figs.  6a  and  6?*  itpresent  the 
band  at  1*20  ft  for  the  same  respective  temperatuit  s.  It  will  be  noted  that 
neither  fig.  5a  nor  fig.  56  shows  any  trace  of  the  band  at  1-038  ft. 
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Discussion  of  Results. 
A  study  of  the  list  of  absorption  bauds  given  above  shows  that  at  least 
some  evidences  of  absorption  were  found  on  every  wave-length  for  which 
there  is  an  emission  line  in  the  spectrum  of  the  mercury  arc.  The  only 
anomalous  result  is  the  band  at  TltiO  fi  instead  of  at  1'170/x.  That  this  is 
not  an  error  in  the  readings  is  shown  by  the  fact  that  the  band  appeared 
quite  definitely  at  wave-length  1'160  /i  in  practically  every  set  of  readings. 
Three  of  the  bands  are  given  in  the  Table  as  being  strong  <uid  well  defined, 
namely,  those  at  1'014/*,  i"129  Ml  and  1*20 /x.  If  we  take  the  corresponding 
emission  lines  we  find  that  the  line  at  1-014 /*  is  the  most  intense  in  the 
whole  mercury  spectrum ;  the  one  at  1'128/i  ranks  next  in  intensity  to  the 
line  1  01411  in  the  infra-red  portion  of  the  spectrum;  while  the  emission  line 
at  1  205  fi  is  only  very  sveak  in  ,/,  jusity.  We  also  find  in  regard  to  these 
lines  that   1'014/*  is   the  first   line   of    the   main   series  of  single   lines 
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n  =  (2'5,  S)— ^^OT,  P) ;  while  the  line  1'205  >t  is  given  by  Pasohen*  as  the  first 
line  of  the  combination  series  n  =  (2,  P)— (m,  s)  and  also  as  the  first  line  of 
a  second  combination  series  n  =  (15,  s)—(m,  P). 

This  is  quite  significant  in  view  of  the  fact  that  the  absorption  bands  at 
1*014  fi  and  at  1*20  ft  appeared  when  the  temperature  in  the  cell  was  as  low 
as  20°  C,  that  is,  with  very  small  vapour-pressura     It  is  hence  quite 
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justifiable  to  say  that  absorption  takes  place  most  readily  on  these  two  lines 
and  this  gives  a  greater  theoretical  importance  to  the  series  of  which  these 
are  the  first  members.  It  is  probable  that  the  series  n  =  {1-5,  s)—(m,  P)  is 
the  important  one  in  connection  with  the  line  of  longer  wave-length  on  account 
of  its  close  relationship  to  the  series  n  =  (25,  S)— (m,  P),  of  which  1*014^  is 
the  first  member. 


♦  F.  Paschen,  '  Ann.  d.  Phys.,'  vol.  35,  p.  869  (1911). 
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E.  W.  Wood*  and  McLennan  and  Edwardsf  have  shown  that  there  is  ab- 
sorption by  non-luminous  mercury  vapour  at  wave-lengths  2536  A.U.,  2338  A.U., 
and  1849  A.U.  Of  these,  the  corresponding  em  sion  line  at  2536  A.U. 
is  the  first  member  of  Paschen's  combination  series  m  =  (2,  ^a)— (»»,  S); 
while  the  line  at  1849  A.U.  is  the  first  memlier  of  the  principal  sinfjle-line 
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series  n  —  (1"5,  S)— («(,  P).  Thus  we  have  four  ■'^U  marked  frequencies  asso- 
ciated with  the  mercury  atom,  two  in  the  inw-a-red  and  two  in  the  ultra- 
violet, each  of  which  is  the  first  member  of  a  series  in  the  spectrum  of  the 
mercury  arc. 

The  line  at  2536  A.U.  is  the  one  which  appears  in  the  single-line  spectrum 

♦  R.  W.  "Wood,  'Physical  Optics.,'  p.  431. 

f  McLennan  and  Edwards,  '  Proc.  Roy.  Soc.,  Canada,'  1915. 
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of  mercury,  as  given  by  Frank  and  Hertz*  and  by  McLennan  and  Henderson-f 
It  is  possible  that  one  of  these  infra-red  lines  may  also  appear  in  this 

•  Frank  and  Hertz,  '  Verb.  d.  lieutsch.  Phys.  Ges.,'  voL  11,  p.  512  (1914). 
+  McLennan  and  Henderson, '  Roy.  Soo.  Proc.,'  vol.  91,  p.  486  (1915). 
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apectrum,  but  it  is  difficult  to  see  how  its  presence  could  be  detected,  us  the 
intensity  of  the  line  2536  A.U.  is  so  small  as  to  require  an  exposure  of  at 
least  one  hour  in  order  to  produce  an  impression  on  a  photographic  plate. 
It  has  recently  been  shown  by  Prof.  McLennan  and  Mr.  A.  ThoiiiHon  that 
this  same  line  is  given  out  by  mercury  vapour  in  a  Bunsen  flame,  and  an 
attempt  was  made  to  see  if  the  radiation  of  wave-length  \  =  1'014/i  could 
be  detected  as  well  from  such  a  source.  The  experiments,  however,  failed  to 
reveal  any  indication  of  the  emission  of  such  radiation. 

Summary  of  I!esults. 
1.  Emission. 

1.  It  has  been  established  that  the  relative  intensities  of  the  lines  in  an 
individual  series  lie  along  a  curve  analogous  to  an  energy  curve,  not  only  in 
the  region  of  short  waves,  but  also  in  the  long-wave  region  beyond  the 
maximum  of  the  energy  curve. 

2.  The  intensities  of  the  scries  lines  become  relatively  greater  in  the 
shorter  wave-lengths  with  increase  in  temperature. 

3.  For  the  two  lines,  1014/*  and  0-5461/*,  which  do  not  belong  to  the 
same  series,  the  intensity  of  the  former  becomes  relatively  greater  for  higher 
temperatures  and  increased  vapour-pressures,  although  it  is  the  line  of 
longer  wave-length. 

2.  Absorption. 

1.  Evidences  of  absorption  have  been  found  with  each  wave-length  for 
which  there  is  an  emission  line  in  the  mercury  spectrum  between  100/*  and 
1-20  /*. 

2.  Strong  absorption  wa  obtained  on  wave-lengths  1-014  /*,  1129  /*,  and 
1-20/*. 

3.  Absorption  was  obtained  at  wave-lengths  1014/t  and  1*20 /*,  with  very 
low  vapour-pressure. 

4.  It  has  been  shown  that  these  two  wave-lengths  correspond  to  the  first 
members  of  the  series  v  =  (2-5,  S)-(m,  P),  and  (1-5,  «)-(»«,  P),  respectively 

In  conclusion,  the  author  wishes  to  acknowledge  his  indebtedness  to 
Prof.  J.  C.  McLennan  for  suggesting  the  investigation,  and  for  his  kind 
direction  and  helpful  suggestions  through  its  progress. 
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